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Abstract. Coastal cities are particularly vulnerable to flood
under multivariable conditions, such as heavy precipitation,
high sea levels, and storms. The combined effect of multi-
ple sources and the joint probability of extremes should be
considered to assess and manage flood risk better. This pa-
per aims to study the combined effect of rainfall and the tidal
level of the receiving water body on flood probability and
severity in Fuzhou City, which has a complex river network.
Flood severity under a range of precipitation intensities, with
return periods (RPs) of 5 yr to 100 yr, and tidal levels was
assessed through a hydrodynamic model verified by data ob-
served during Typhoon Longwang in 2005. According to the
percentages of the river network where flooding occurred, the
threshold conditions for flood severity were estimated in two
scenarios: with and without working pumps. In Fuzhou City,
working pumps efficiently reduce flood risk from precipita-
tion within a 20-yr RP. However, the pumps may not work
efficiently when rainfall exceeds a 100-yr RP because of the
limited conveyance capacity of the river network. Joint risk
probability was estimated through the optimal copula. The
joint probability of rainfall and tidal level both exceeding
their threshold values is very low, and the greatest threat in
Fuzhou comes from heavy rainfall. However, the tidal level
poses an extra risk of flood. Given that this extra risk is ig-
nored in the design of flood defense in Fuzhou, flood fre-
quency and severity may be higher than understood during
design.

1 Introduction

Flood is the most frequently occurring natural disaster in
the world that poses high physical risk and economic dam-

ages (Chang et al., 2008; Adelekan, 2010). Coastal cities
with large impervious areas are vulnerable to flood caused
by a single source or several sources acting in combination
(Dawson et al., 2008; Archetti et al., 2011). In China, most
coastal cities, such as Fuzhou, Wenzhou, and Shanghai, are
located in low-lying areas with a complex river network and
a receiving water body downstream, whose tidal level is af-
fected directly or indirectly by upstream flow and tidal ef-
fect. In these cities, episodes of flood are mainly river inun-
dations caused by large amounts of rain run-off, which the
river network cannot accommodate. High levels of the re-
ceiving water body downstream aggravate the inundation by
impeding the discharge of tide-locking and drainage pumps.
Given the high spatial concentration of people and values in
cities, even small-scale floods may lead to considerable dam-
age. In extreme cases, urban floods can result in disasters
that set back urban development by years or even decades.
Therefore, more attention to international flood management
should be paid to develop an integrated system of flood risk
management (Plate, 2002; Samuels et al., 2006; Merz et al.,
2010). For a coastal city, flood risk is influenced by rain-
fall, the tidal level of the receiving body of water, and the
drainage system, including the drainage and river networks
and other drainage facilities. Dense populations and intensive
economic activities due to urbanization increase flood risk.
Although the existing drainage system can cope with some
rainfall, floods may still occur when rainfall or the tidal level
is higher than the standard or threshold. The threshold values
for flood severity and joint probability, which are keys to the
design of future drainage systems, should be considered to
assess and manage flood risk.

In recent years, the scope of flood risk assessment has ex-
tended from the national level (Hall et al., 2005; Ni et al.,
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2010) to river basins (Rulli and Rosso, 2002; Kok and Gross-
mann, 2009; te Linde et al., 2011; Mazzorana et al., 2012),
urban areas (Hadjimitsis, 2010; Wang et al., 2010; Pathirana
et al., 2011), and even to some specific sites (Dawson et al.,
2005; Ernst et al., 2010; Youssef et al., 2010). Hydrodynamic
models are widely applied in flood risk assessment. Recent
developments in computational technology facilitate the de-
velopment of a hydrodynamic model for a complex river net-
work for flood drainage. Some numerical simulation tools for
urban river networks, such as MIKE 11 (Ngo et al., 2007) and
HEC-RAS (Knebl et al., 2005; Lee et al., 2006; Rodriguez
et al., 2008; Fan et al., 2009), have been widely adopted to
model the operational conditions of complex river systems.
These tools not only represent flood characteristics for the
surface–river interaction mechanism but also reflect the ef-
fects of various flood controls and urban infrastructure, such
as dykes, culverts, bridges, pumping stations, etc. Tradition-
ally, the study of flood risk assessment in urban areas always
focuses on the physical aspects, such as the extent and depth
of inundation and the resulting losses (Apel et al., 2008).
Flood risk assessment is developed based on a specific sim-
ulated scenario, which may not effectively reflect the thresh-
old conditions for flood severity or the joint risk probability
of the multivariate conditions leading to flood.

Multivariable probability models, such as the normal
distribution, Gumbel-mixed (Yue et al., 1999), exponen-
tial (Bacchi et al., 1994), gamma distribution (Skaugen,
2007), meta-Gaussian (Kelly and Krzysztofowicz, 1997),
and Farlie–Gumbel–Morgenstern (FGM) models (Long and
Krzysztofowicz, 1992), are often used to study joint risk
probability. The measures of dependence among random
variables in these models involve only second-moment statis-
tics and can thus capture a limited aspect of the dependence
(AghaKouchak et al., 2010). On the other hand, copulas can
describe nonlinear dependencies among the variables. In fact,
for copulas, the marginal properties and dependence struc-
ture of the variables can be investigated separately (Grimaldi
and Serinaldi, 2006). In recent years, copula-based models
have been widely employed to estimate multivariate distri-
bution in hydrological applications (De Michele et al., 2007;
Renard and Lang, 2007; Bárdossy and Pegram, 2009; Bal-
istrocchi and Bacchi, 2011; van den Berg et al., 2011). The
widely used copulas for hydrological analysis include the
Gaussian,t , Clayton, Frank, and Gumbel copulas.

The purpose of this paper is to investigate the threshold
conditions for flood severity and joint flood probability in a
coastal city under the combined impact of rainfall and tidal
level. The study would provide significant support for de-
cision making in flood defense design and flood risk man-
agement. The case study area, Fuzhou City, is described in
Sect. 2. In Sect. 3, the joint impact and risk probability under
the combination of rainfall and tidal level are investigated. A
complex river network model was developed to analyze the
joint impact of rainfall and tidal level on flooding probabil-
ity. An analysis method for joint risk probability was selected

Fig. 1. Location map of the study area and its terrain map showing
district boundaries along with the complex river network.

by comparing between five different copulas. The results and
discussion are presented in Sect. 4. Conclusions are given in
Sect. 5.

2 Case study area

Fuzhou, the city chosen as the case study, is located on the
southeast coast of China and surrounded by mountains in
the north, west, and east and by a tidal river, the Min River,
in the south (Fig. 1). The majority of land in Fuzhou is a
mixed hilly area of 66.72 km2 (41.8 %) and a plain region
of 90.05 km2 (58.2 %). In the urban area, dozens of rivers
and conduits form a complex river network with some con-
verging and diverging branches and closed loops. The total
length of the rivers is approximately 32 km, and the river
network could be divided into two regions: the west region
with the main drainage channel, Baima River, and the east
region with the Jinan and Guang Ming Gang (GMG) Rivers.
Seven tide gates and three pump stations for flood discharge
and protection are located close to the outlet of the rivers. A
single hydrologic station, called LB, which can measure pre-
cipitation, discharge, and water level, is located by the Min
River. According to LB hydrologic station records, the warn-
ing level of the Min River at this station is 6 m, and the high-
est river level, recorded on 7 July 1992, is 9.53 m. The data
were measured using the Luo Zero Vertical Datum of China,
which equals the National Vertical Datum 1985 plus 2.179 m
(National Vertical Datum 1985 renders the mean sea level of
the Yellow Sea as 0.0 m).

Given the maritime subtropical monsoon climate, the
mean annual temperatures of Fuzhou range from 16◦C to
20◦C, and the mean annual precipitation is approximately
1 320 mm. Heavy rains often abruptly occur during summer
seasons, with extreme rainfall during typhoons. According to
historical records (1949–2011), Fuzhou (including the city
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proper and counties) has been struck by typhoons 39 times
and 56 times by tropical cyclones, the main sources of heavy
rains. In recent years, the river network and its urbanized
coast have been particularly vulnerable to floods during ty-
phoons. The reported direct reason for the disasters is the in-
undation of the river system under the effect of intense rain-
fall and high tidal levels downstream. The disasters disrupt
the residents’ daily activities and cause huge socio-economic
losses. For example, the catastrophic flood caused by Ty-
phoon Longwang with a 1-h maximum rainfall of 118 mm
in 2005 caused the inundation of a 13.69 km2 area, resulting
in over 62 dead people, 24 missing, and 120 000 evacuated
and a direct economic loss of 2.2 billion yuan.

3 Data and methods

3.1 Data collection

The data used for the hydrodynamic simulation model
and flood risk analysis include precipitation and tidal level
records; the 1: 10 000 digital elevation model (DEM) data
for Fuzhou with a 5-m resolution; the details of hydraulic
structures, including tide gates and drainage pumps; the dis-
tribution and drainage capacity of drainpipes; the profiles of
river cross sections; and the roughness coefficients of the
rivers provided by the relevant authority.

The precipitation and tidal levels measured by the Luo
Zero Vertical Datum of China were recorded from 1952 to
2008 by the LB hydrologic station. The former includes max-
imum rainfalls at different times (10 min, 30 min, 1 h, 3 h, 6 h,
12 h, and 24 h) and a typical precipitation event. The latter
includes the annual maximum tidal levels, the highest tidal
levels within the day of annual maximum 24-h rainfalls, and
a typical tide event.

3.2 Complex river network modeling

The hydrodynamic simulation model of the complex river
network was developed through the well-known HEC-RAS
tool with a user-friendly interface for data input and visual-
ization of results (Fig. 2). In the model, 1 713 cross-sectional
profiles were made with distances of 20 m to 50 m between
consecutive cross sections. Manning roughness coefficients
with a calibrated range of 0.025 to 0.045 were provided by
the Department of River Management of Fuzhou. For the
tide gates and drainage pumps, the scheduling rules were set
in the model with several parameters, such as the geometric
properties of gates and the sluice discharge coefficient.

The boundary conditions for the model include two types:
inflow and outlet boundary conditions. Five steps were car-
ried out to translate the original data into flow and stage hy-
drographs as the boundary conditions: (a) selecting a typical
precipitation event and a typical tide event; (b) deriving de-
sign standard rainfalls (with return periods (RPs) of 5, 10,
20, 50, and 100 yr) and tidal levels from an annual maximum

Fig. 2. River network model established by HEC-RAS with three
pump stations, seven tide gates and two check gates.

24-h precipitation series and an annual maximum tidal level
series from 1952 to 2008, respectively; (c) obtaining design
rainfall processes based on design standard rainfalls and the
typical precipitation event, as well as tidal level hydrographs
according to design standard tidal levels and the typical level
hydrograph; (d) estimating the flow hydrographs according
to design rainfall processes; and (e) inputting the flow and
the tidal level hydrographs as the boundary conditions for
the model. The specific methods for the calculation and set
of each type of boundary conditions are introduced hereafter.

3.2.1 Inflow boundary conditions

The inflow boundary conditions include two types: the flow
hydrographs of rainfall run-off from northern mountainous
areas and of rainfall run-off in urban areas.

For the calculation of the flow hydrographs of rainfall
run-off from northern mountain areas, the mountain areas
were divided into several sub-catchments using ArcSWAT
(Fig. 3). Then, the flow hydrograph of each sub-catchment
was calculated through a rainfall run-off model, the Xinan-
jiang model (Ren-Jun, 1992; Hu et al., 2005; Cheng et al.,
2006), which takes the design rainfall processes as its input
data. The northern mountain areas were divided into 16 sub-
catchments from n1 to n16, and the flow hydrograph of each
sub-catchment outlet was taken as inflow boundary condi-
tions of the model.

Three main steps are followed for the flow hydrographs
of rainfall run-off in urban areas. First, the urban areas are
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Fig. 3.Sub-catchment division and numbering with digital elevation
nephogram for flood hydrographs. Different letters represent differ-
ent areas (n representing northern mountain areas; p representing
Pingdong River areas; b representing Baima River areas; j repre-
senting Jinan River areas; g representing GMG River areas; m rep-
resenting Moyang River areas; f representing Fengban River areas;
and x representing Xindian areas).

divided into different sub-catchments according to drainpipe
distribution and DEM data. The surface run-off process for a
sub-catchment is simplified as a triangle process (the dashed
line in Fig. 4). Peak dischargeQ, the summit point of the
triangle, is calculated using the rational method (Guo, 2001).
According to the rational method,Q is determined by the
average intensity of rainfall for the time of concentration, the
runoff coefficient, and the watershed drainage area. The total
volume of run-offW , the area of the triangle, is derived using
the urban rainfall run-off model. Accordingly, the duration of
the surface run-offT is equal to two times ofW divided by
Q. Finally, because of the drainage capacity (Qp, max) of the
drainpipes, the outflow process of the drainpipe network in
a sub-catchment is modified as the solid line in Fig. 4. In
the sub-catchments without drainpipes, the outflow process
flowing directly into the river is the same as the surface run-
off process.

3.2.2 Outlet boundary conditions

The outlet boundary conditions mainly consist of a design
tidal level hydrograph at each outfall and operations of tide
gates and drainage pumps. In the model, the opening of tide
gates and drainage pumps is regulated automatically based
on the upstream water level. When this level exceeds the
tidal level of the outfall, tide gates will be opened so that the
drainage system can communicate with the receiving body

Fig. 4.Surface runoff process and pipeline outflow process of a sub-
catchment in an urban area.Q is the peak discharge, shown as the
summit point of the triangle.W , the area of the triangle, is the total
volume of run-off.T is the duration of the surface run-off.Qp, max
is the drainage capacity of the drainpipes.

of water. When the water level upstream is higher than the
pump’s trigger elevation for turning on, the drainage pumps
will work.

3.3 Analysis of joint impact of rainfall and tidal level on
flooding

The joint impact of rainfallh and tidal levelz on flooding is
estimated using flood severity as the evaluation index. Flood
severity is represented by the ratio of the flooded length of
the rivers to the total length of the rivers. Different scenarios
for the combinations of rainfalls and tidal levels are modeled
by a hydraulic simulation model of the complex river net-
work. The results of the model reveal that flood areas and
flood severity provide information for developing the curves
of flood severity as a function of rainfall and tidal level.

3.4 Analysis of joint risk probability of rainfall and
tidal level

For two random variables during the annual maximum rain-
fall events, annual maximum 24-h rainfallH and the high-
est tidal level during the annual maximum 24-h rainfallZ,
the observations{h, z} of H andZ from 1952 to 2008 were
collected as samples to estimate the joint distribution func-
tion of the two variables. Depending on the joint distribution
function, the joint probability of any combinations of rainfall
and tidal level over some values may be assessed, including
the extremes that rainfall and tidal level both exceed certain
threshold values.

Copulas are employed to estimate the joint distribu-
tion of the two variables,H and Z. As presented by
Sklar (1959), to obtain a joint cumulative distribution func-
tion F(h,z) for H andZ with marginal distributionsFh(h)

andFz(z), respectively, a copula functionC makesF(h,z) =

C(Fh(h),Fz(z)). The widely used copulas, including Gaus-
sian,t , Clayton, Frank, and Gumbel copulas, are introduced
in the Appendix A. The parameters of the copulas were
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estimated using the maximum likelihood approach (Wang et
al., 2009).

The best-fit copula is selected using ordinary least squares
(OLS) criteria and Kolmogorov–Smirnov (K–S) test with the
test statisticD. The lower the value of OLS orD is, the better
the fit by the copula. The OLS is expressed as follows:

OLS=

√√√√1

n

n∑
i=1

(pi − pei)
2, (1)

wherepi andpei present the theoretic and empirical frequen-
cies of the joint distribution, respectively.

The K–S test is a commonly used non-parametric test
whose test statisticD is obtained from the following rela-
tionship:

D = max
1≤k≤n

{∣∣∣F(hk,zk) −
mk

n

∣∣∣ , ∣∣∣∣F(hk,zk) −
mk − 1

n

∣∣∣∣} ,

(2)

whereF(hk,zk) is the joint distribution value of thek-th joint
observation,mk is the number of joint observations meet-
ing the conditions{H ≤ hk,Z ≤ zk} in the joint observation
sample, andn is the number of observations.

This study is focused on the probability that extreme
events occur, including the following: (a) the probability of
H andZ both exceeding certain threshold values, denoted
asP ∩ (h,z); (b) the probability thatH exceeds a specific
threshold whenZ is also high, denoted asP(H > h|Z > z);
and (c) the probability that at least one variable,H or Z, ex-
ceeds its threshold values, denoted asP ∪(h,z). These prob-
abilities are obtained from the following relationships:

P ∩ (h,z) = P ((H > h) ∩ (Z > z))

= 1− Fh(h) − Fz(z) + F(h,z); (3)

(H > h|Z > z)

=
P ∩ (h,z)

P (Z > z)
=

1−Fh(h)−Fz(z) + F(h,z)

1−Fz(z)
; (4)

P ∪ (h,z) = P ((H > h) ∪ (Z > z)) = 1− F(h,z). (5)

4 Results and discussion

4.1 Verification of the complex river network model

During Typhoon Longwang in 2005, the Jinan River, its con-
nected rivers, and other rivers near the northern mountains
were flooded because of the combined impact of rainfall run-
off from the northern mountainous areas and local run-off.
The rainfall records, flooded areas due to river inundation,
and the operation of tide gates and drainage pumps were
recorded, which were translated into boundary conditions

Fig. 5. Comparison of flooded parts of the rivers in Fuzhou City
between observed data and the simulation results during Typhoon
Longwang on 2 October 2005. Yellow overlays represent the
flooded parts of the rivers according to the observed data. Red over-
lays associated with numbers represent the larger parts of the sim-
ulation results compared with the observations. Purple point shows
the location where the evaluation is made in Fig. 6.

and information for the verification of the hydraulic simu-
lation model of the complex river network. The small devi-
ation in runoff calculation, the Manning coefficients of the
complex river network and some unrecorded operations may
cause a small difference between the modeled results and the
observed data.

Flow routing and velocity, river levels, and areas flooded
by the river were modeled and compared with the observed
data presented in Fig. 5. The areas flooded by the river that
were modeled match the observations very well, the same
part shown with thick overlays in yellow color and four
small differences indicated by the red overlays. As shown
in Fig. 6 the modeled level hydrograph at the confluence of
the Jinan and Wusi Rivers (the purple point in Fig. 5) also
agrees with the observed data with the same trend and high-
est value. Therefore, as mentioned above, the hydraulic sim-
ulation model of the complex river network is validated, es-
pecially for use in scenario modeling.

4.2 Joint impact of rainfall and tidal level on flooding

As previously mentioned, flood severity is subject to the joint
influence of rainfall, the tidal level of the receiving body
of water, and the operation of drainage facilities, such as
tide gates and pumps for a coastal city. In this study, flow
movement and flood severity under different combinations of
rainfalls and tidal levels were simulated using the calibrated
model with two kinds of operational conditions, namely, with
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Fig. 6.Comparison of level hydrographs between the observed data
and the simulation results at the confluence of Jinan River and Wusi
River (shown with purple point in Fig. 5).

and without working pumps. For each operational condition,
the isolines of flood severity are presented as a function of
rainfall and tidal level not only in terms of absolute values
(Fig. 7a) but also in terms of RPs (Fig. 7b). The threshold
condition of the simple occurrence of flood is presented with
red lines.

The combination of rainfall and tidal level and the percent-
age of the total river length flooded during Typhoon Long-
wang are presented by a point in Fig. 7a. The comparison
between the point and the isoline representing 25 % of the
length of the flooded area demonstrates the reliability of
the isolines. The isolines indicate that the factors influenc-
ing flood occurrence and severity are precipitation, the tidal
level, operational mode of drainage facilities, and the charac-
teristics of the river network. The characteristics of the river
network contain conveyance capacity, division and conver-
gence of flow, and regulation and storage capacity.

Figure 7b indicates that working pumps efficiently reduce
flood risk within a 20-yr RP precipitation in Fuzhou. How-
ever, when the rainfall exceeds a 100-yr RP, the pumps may
not help effectively because of the restrictions of the river
conveyance capacity. For example, the tidal level for flood
occurrence is a 29.8-yr RP in working pump conditions for
a rainfall with a 5-yr RP, which is just a 2.2-yr RP without
pumping (Fig. 7b). However, for a rainfall with a 100-yr RP,
the corresponding tidal levels both are 1.0-yr RP.

For Fuzhou, a 100-yr RP is a critical value with the cur-
rent pumping capacity. When the precipitation is lower than
this value, pumping is useful; otherwise, pumping is almost
useless. Flood happens when the flood discharge exceeds the
flow capacity of the rivers. In this situation, pumps with a
certain capacity located downstream of a river network have
a limited effect on reducing flood. High-capacity pumps may

Table 1. Extreme values for rainfall and tidal level as a function
of return period. The tidal level is measured using the Luo Zero
Vertical Datum of China.

Return Maximum 24-h Tidal
period (yr) rainfall (mm) level (m)

2 112.5 7.32
5 143.4 8.13
10 169.8 8.58
20 194.6 8.97
50 226.1 9.39
100 265.8 9.77

still not be helpful. For other cities, the critical value is proba-
bly different because of the difference in the drainage system.

4.3 Joint probability analysis

4.3.1 Marginal distributions

As for the annual maximum daily rainfallH and the highest
tidal level within the day of annual maximum daily rainfall
Z, their marginal distributionsFh(h) andFz(z) are fitted us-
ing Pearson type-III (P-III) distribution. The comparison of
empirical and theoretical distributions forH andZ is plotted
in Figs. 8 and 9a, respectively, indicating that the theoretical
distributions fit the observation data very well. According to
the theoretical cumulative distribution function (CDF) ofH ,
the RPs of extreme rainfalls were estimated (Table 1). The
RPs of the extreme tidal levels estimated through the CDF of
the annual maximum tidal levels, rather than the CDF ofZ,
are shown in Table 1.

4.3.2 Goodness-of-fit test

The copula parameters in Eqs. (A1) to (A5), presented in the
Appendix A, were calculated using the maximum likelihood
approach (Table 2). The copula functions are defined by these
parameters.D and OLS, obtained from Eqs. (2) and (1), are
shown in Table 2. At a significance level ofα = 0.05, the
valueD of each copula function can pass the K–S test. The
D and OLS of the Gumbel copula are the smallest of all the
copulas (Table 2), indicating that the Gumbel copula func-
tion best fits the joint distribution of rainfall and tidal level.
Accordingly, the linear correlation coefficient between em-
pirical and theoretical distributions of the joint probabilities
is very high, up to 0.9982.

According to the parameters calculated in Table 2 and
Eq. (A5), the Gumbel copula fitting the joint distribution
F(h,z) for H andZ can be expressed as

F(h,z) = exp{−[(− lnFh(h))1.0581

+(− lnFz(z))
1.0581

]
1/1.0581

}. (6)
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Fig. 7. Isolines of flood severity as a function of 24-h rainfall and tidal level with and without working pumps, shown as two forms of
variables:(a) in terms of absolute values and(b) in terms of RPs. Severity is measured as the percentage of the total river length that is
flooded. The event # and the percentage are in brackets. The isoline “start” indicates the conditions at the instant that the flooding threshold
is crossed.

Fig. 8.Comparison of empirical and theoretical distributions for the
annual maximum 24-h rainfall.

4.3.3 Joint risk probability analysis

This study focuses on the probability that extreme events oc-
cur, that is, on the probability of variables exceeding some
RPs. For an annual maximum rainfallH , the exceedance
probability P1 and the RP valueT1 can be estimated using
the marginal distribution (see Sect. 4.3.1). For a tidal level,
an exceedance probabilityP2 in terms of the CDF of Z ex-
ists, as well as another exceedance probabilityPM in terms
of the CDF of the annual maximum tidal level. According
to the CDF of the annual maximum tidal level, the RP value
TM for this tidal level can be estimated and vice versa. For
example, for a tidal level of 7.32 m, its exceedance probabil-
ity P2 in terms of the CDF ofZ is 1.41 % (green point in
Fig. 9a). Meanwhile, another exceedance probabilityPM in
terms of the CDF of the annual maximum tidal level is 50 %
(green point in Fig. 9b), and the RP valueTM is 2 yr. When
we know the tidal level values for some RPs, we can estimate

Table 2.Parameters and goodness-of-fit test of copulas.

Copulas parameters D OLS

Gumbel Copula
Clayton Copula
Frank Copula
Gaussian Copula
t Copula

θ = 1.0581
θ = 0.1291
θ = 0.5326
ρ = 0.1105
ρ = 0.1069

0.0602
0.0660
0.0641
0.0657
0.0654

0.01603
0.01699
0.01691
0.01784
0.01699

the joint probabilities of the tidal level and rainfall with some
RPs by the joint CDF ofH andZ.

For each given combination ofH and Z, the joint dis-
tribution F(h,z) can be estimated through Eq. (6). Accord-
ingly, the risk probabilitiesP ∩ (h,z), P(H > h|Z > z), and
P ∪ (h,z) can be obtained from Eqs. (3), (4), and (5) based
onFh(h), Fz(z), andF(h,z) (Table 3).

The columnP ∩ (h,z) shown in Table 3 indicates that
the joint probability of a 5-yr RP rainfall and 2-yr RP tidal
level is 0.5017 % per year. With increasing RP of rainfall
or tidal level, the joint probability decreases, implying that
heavy rains and high tidal levels barely happen simultane-
ously. Flood in Fuzhou is caused mainly by intense rainfall.
To see this, suppose two numbers: A and B. If A is larger than
B, the encounter probability of the precipitation of A-yr RP
and the tidal level of B-yr RP is higher than that of the tidal
level of A-yr RP and the precipitation of B-yr RP (Fig. 10).
For example, the encounter probability of a 50-yr RP rain-
fall and 5-yr RP tidal level is 0.0546 % per year, whereas the
occurrence probability of a 50-yr RP tidal level and 5-yr RP
rainfall is 0.0146 % per year. This is consistent with actual
occurrences. The flood caused by Typhoon Longwang is a
typical example.

The parameterρ representing the linear dependence be-
tweenH andZ is greater than zero (Table 2), which clearly
indicates that some positive dependence exists betweenH
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Fig. 9. Comparison of the empirical and theoretical distributions for the highest tidal level during the annual maximum 24-h rainfall and the
annual maximum tidal level, respectively.

Table 3. Risk probabilities of different encounter conditions.H : annual maximum 24-h rainfall;P1: exceedance probability ofH in CDF
of H ; T : return period ofH ; Z: highest tidal level within the day ofH ; P2: exceedance probability ofZ in CDF of Z; PM : exceedance
probability ofZ in distribution of annual maximum tidal level;TM : return period ofZ; F(h,z): joint CDF forH andZ.

Encounter conditions

Annual Maximum 24-h rainfall Highest tidal level during
annual maximum 24-h rainfall

H P1 T Z P2 PM TM F P ∩ (h,z) P (H > h|Z > z) P ∪ (h,z)

(mm) (%) (yr) (m) (%) (%) (yr) (h,z) (% yr−1) (% yr−1) (% yr−1)

226.1 2 50 9.39 0.03 2 50 0.9798 0.0082 27.4966 2.0218
226.1 2 50 8.97 0.06 5 20 0.9795 0.0147 24.5400 2.0453
226.1 2 50 8.58 0.14 10 10 0.9789 0.0291 20.7997 2.1109
226.1 2 50 8.13 0.32 20 5 0.9773 0.0546 17.0668 2.2654
226.1 2 50 7.32 1.41 50 2 0.9674 0.1496 10.6076 3.2604
194.6 5 20 9.39 0.03 2 50 0.9498 0.0100 33.4061 5.0200
194.6 5 20 8.97 0.06 5 20 0.9496 0.0184 30.6752 5.0416
194.6 5 20 8.58 0.14 10 10 0.9490 0.0381 27.1954 5.1019
194.6 5 20 8.13 0.32 20 5 0.9476 0.0757 23.6611 5.2443
194.6 5 20 7.32 1.41 50 2 0.9383 0.2416 17.1374 6.1684
169.8 10 10 9.39 0.03 2 50 0.8998 0.0118 39.4910 10.0182
169.8 10 10 8.97 0.06 5 20 0.8996 0.0222 37.0051 10.0378
169.8 10 10 8.58 0.14 10 10 0.8991 0.0474 33.8296 10.0926
169.8 10 10 8.13 0.32 20 5 0.8978 0.0979 30.5850 10.2221
169.8 10 10 7.32 1.41 50 2 0.8893 0.3447 24.4442 11.0653
143.4 20 5 9.39 0.03 2 50 0.7998 0.0146 48.5071 20.0154
143.4 20 5 8.97 0.06 5 20 0.7997 0.0278 46.3896 20.0322
143.4 20 5 8.58 0.14 10 10 0.7992 0.0612 43.6813 20.0788
143.4 20 5 8.13 0.32 20 5 0.7981 0.1309 40.9053 20.1891
143.4 20 5 7.32 1.41 50 2 0.7909 0.5017 35.5791 20.9083

andZ. The conditional probabilityP(H > h|Z > z) is rela-
tively large and always larger than the exceedance probabil-
ity of H , P1, which verifies the positive dependence between
H andZ. Thus, a high tidal level is usually accompanied by
heavy rains, even though the occurrence probability of rain-
fall and tidal level both exceeding their threshold values is
very low.

According to the analysis in Sect. 4.2, a single source, ei-
ther a heavy rain or a high tidal level, could cause flooding
and influence flood severity. Thus, a quantitative analysis of
the probability that at least one variable exceeds its threshold
is necessary. The values ofP(H > h ∪ Z > z) are slightly
larger than the exceedance probability of rainfall,P1, illus-
trating that the tidal level poses an extra risk of flooding.
Given that this extra risk is ignored in the design of flood
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Fig. 10.Bar graph of joint probability,P ∩ (h, z), as a function of
the RP of rainfall and tidal level.

defense in Fuzhou, flood frequency and severity will increase
in the future. The feasible scheduling rules of tide gates and
efficient pumping upstream to reduce flood volume, thus re-
ducing the risk, in the river network are effective measures.

5 Conclusions

The current work was performed to assess the joint impact of
rainfall and downstream tidal level on flood risk in a coastal
city with a complex river network. The work is split into three
main parts: (a) the establishment of a hydrodynamic model
for the complex river network in Fuzhou; (b) the assessment
of flood severity under the combined impact of precipitation
intensities and tidal levels; and (c) the joint risk analysis of
rainfall and tidal level exceeding their threshold values.

The model of the complex river network was established
to investigate the combined effects of rainfalls and tidal lev-
els on flood occurrence and severity with and without work-
ing pumps. According to the percentages of the river net-
work along which flooding occurs, the isolines of equal flood
severity as a function of rainfall and tidal level are esti-
mated and verified by the flood data collected during Ty-
phoon Longwang, providing possible prediction information
for the effects of climate change. As the isolines show, a
threshold value of precipitation exists for efficient flood risk
reduction by pumps working for a coastal city. This threshold
value is a 20-yr RP for Fuzhou. However, when the tidal level
reaches a certain standard, the outlet sluice will not work,
and the discharge of the pumping decreases. Subsequently,
a flood occurs if the water volume from rainfall exceeds the
regulation and storage capacity of the river network. When
precipitation reaches a certain standard, no matter what the
tidal level is, the flood occurs because of the restriction of
a river conveyance capacity. That is, another threshold value
of precipitation with which pumps cannot take effect on flood
risk efficiently also exists. Therefore, controlling flood sim-
ply by increasing pumping capacity is inadvisable, and un-

derstanding these thresholds would be helpful in taking rea-
sonable measures for flood risk management.

The joint risk probability of rainfall and tidal level ex-
ceeding their thresholds was also analyzed based on the cop-
ula function. The occurrence probability of rainfall and tidal
level both exceeding their threshold values is very low in
Fuzhou, and the maximum joint probability is 0.5017 % per
year. However, some positive dependence exists betweenH

andZ, implying that tidal level poses an extra risk of flood-
ing. Given that the flood defense design in Fuzhou currently
ignores this extra risk, flood frequency and the cost due to
floods will rise in the future. The design of flood defenses
should take into account this extra risk based on the quan-
titative analysis of the joint risk probability to reduce such
incidences.

In this study, the flood consequences were estimated us-
ing the percentage of the river network where flooding oc-
curs. A more detailed analysis and discussion of flood conse-
quence, such as economic loss and casualties, can be under-
taken. Moreover, combining the impact of flood probability
and consequence into a single risk function will be the topic
of future research.

Appendix A

The widely used copulas, including Gaussian,t , Clayton,
Frank, and Gumbel copulas, are introduced as follows:

a. The Gaussian copula is as follows:

C(u,v) =

8−1(u)∫
−∞

8−1(v)∫
−∞

1

2π
√

1− ρ2
exp

(
−(r2

+ s2
− 2ρrs)

2(1− ρ2)

)
drds,ρ ∈ (−1,1), (A1)

whereu andv are the dummy variables of the marginal
distributions,8−1(·) is the inverse function of the stan-
dard normal distribution function8(·), andρ is the lin-
ear correlation coefficient between8−1(u) and8−1(v);

b. thet copula is given as

C(u,v,ρ,α) =

T −1
α (u)∫

−∞

T −1
α (v)∫

−∞

1

2π
√

1− ρ2
exp

(
1+

r2
+ s2

− 2ρrs

α(1− ρ)2

)−
α+2

2

drds,ρ ∈ (−1,1), (A2)

whereT −1
α (·) is the inverse function of the distribution

functionTα(·) with α as the degree of freedom, andρ

as the linear correlation coefficient betweenT −1
α (u) and

T −1
α (v);
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c. the Clayton copula is expressed as

C(u,v) = (u−θ
+ v−θ

− 1)−1/θ ,θ ∈ (0,∞), (A3)

whereθ is the parameter;

d. the Frank copula is

C(u,v) = −
1

θ
ln[1+

(e−θu
− 1)(e−θv

− 1)

e−θ − 1
],

θ ∈ R\{0}; (A4)

and

e. the expression of Gumbel copula is

C(u,v) = exp{−[(− lnu)θ + (− lnv)θ ]1/θ
},θ ∈ [1,∞). (A5)
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